Following SV 40 infection of monkey kidney (CV-1) cells, DNA polymerase activity was induced. Enzyme formation was inhibited by cycloheximide, but not by 1-fl-D-arabinofuranosylcytosine. Enhanced levels of DNA polymerase activity were also found in mouse kidney cell lines which had been transformed by SV 40.
INTRODUCTION
DNA polymerase activity increased following either productive infection of monkey kidney ceils (GMK or CV-1) or abortive infection of mouse kidney cells with SV 40 (Kit et al. 1966c, d) . Infection of mouse kidney cultures by polyoma virus, another member of the papovavirus group, also enhanced DNA polymerase activity (Dulbecco, Hartwell & Vogt, 1965; Hartwell, Vogt & Dulbecco, 1965) . Some characteristics of the SV 40 induction system are described in this communication. In addition, DNA polymerase has been partially purified from uninfected, SV 40-infected and SV 40-transformed cells and the properties of the partially purified enzymes compared.
METHODS
Cell lines. Cells of CV-1, an established line of green monkey kidney cells, were cultivated in monolayer cultures as described previously (Kit et al. 1966 c) .
The InKS cells are SV 40-transformed mouse kidney cells (Kit et al. 1966d) . Sublines mKS-8, mKS-11, mKS-17, INKS-28, mKS-A and mKS-B were obtained from confluent primary cultures of mouse kidney cells which had been inoculated with 150 plaque forming units (p.f.u.) per cell of SV 40. The medium was replaced every 3 or 4 days and at 8, 11, 17, 28, 22 and 30 days after SV40 inoculation, respectively, two primary infected cultures were trypsinized and subcultured. The cultures were passaged again 10 to 23 days later after the monolayer had become confluent or large transformed colonies had formed. Monolayer cultures of mKS cells were propagated in 'R5a' medium containing 0.5 ~o (w/v) lactalbumin hydrolysate and 10 ~ (v/v) calf serum (Dubbs & Kit, 1965) . The cells grew to populations of 10 to 15 million per 55 cm. 2 and, after the second passage, were subcultured at 3-to 4-day intervals. The mKS cells contained high levels of thymidine kinase, deoxycytidine-5'-monophosphate deaminase and thymidylate kinase activities and contained the SV 40 tumour antigen, but no detectable SV 40 capsid antigen or virus particles. Extracts of mKS cells did not yield infectious virus and plaques were not observed when mKS cells were plated on CV-1 cell monolayers. SV 40 virus was recovered, however, when mKS cells were grown in mixed cultures with CV-1 cells. Equal numbers of freshly trypsinized mKS and CV-1 cells were mixed and 2 × 10 e cells were seeded in 8 oz. prescription bottles. After incubation for 8 days, the cells and medium from each mixed culture were harvested, transferred to lusteroid tubes, treated for 1 rain. at 4 ° with a Raytheon sonic oscillator at 10 kc. and assayed on CV-1 monolayers for infectious virus. Infectious SV 40 was recovered from 9/10 strains tested in amounts ranging from 200 to 10,000 p.f.u, per mixed culture.
Preparation of enzyme extracts. Twenty to 50 million cells were harvested, washed with Hanks balanced salt solution, and resuspended in 7 vol. of 0.01 M-2-amino-2-hydroxymethylpropane-1, 3-diol+ HC1 (tris buffer) pH 7.8, containing 0.003 M-2-mercaptoethanol (c. 2 x l0 T cells/ml.). The cells were frozen, thawed, and treated for 3 min. at 4 ° with a Raytheon sonic oscillator at 10 kc. The treated material was centrifuged at 34,800g for 1 hr at 4 ° (Servall RC-2 automatic refrigerated centrifuge, Ivan Sorvall, Inc., Norwalk, Conn., U.S.A., size SS-34 rotor) and the supernatant fluid was used for DNA polymerase assays. When the enzyme extracts were prepared as described above, the supernatant fraction contained all the DNA polymerase activity present in the crude material. Sonic treatment of cell suspensions for 1 or 6 min. periods did not noticeably alter the release of DNA polymerase activity. The protein content of the centrifuged extracts (about 5 to 7 mg./ml.) was determined by the method of Lowry et al. (1951) .
DNA polymerase assay. Each tube contained the following substances at the indicated final concentrations in a total volume of 0.2 ml.: [3H]thymidine 5'-triphosphate (30xl0ec.p.m. per /zmole), deoxycytidine 5'-triphosphate, deoxyadenosine 5'-triphosphate, and deoxyguanosine 5'-triphosphate, each at a concentration of 0.27 raM; heat denatured (5 min. at 100 °) salmon sperm DNA (100#g.); Mg a+ (8 mM); 2-mercaptoethanol (3-8 mM); tris+HC1 buffer, pH 7-8 (10mM), and enzyme (200 to 600/zg. protein). The reaction mixture was incubated at 38 ° for 30 min. and the amount of [3H]thymidine 5'-triphosphate incorporated into DNA was determined. The DNA polymerase activity was directly proportional to enzyme concentration, and to time for at least 1 hr. Enzyme activities of centrifuged extracts were not changed by varying the magnesium concentrations from 5 to 10 mM, but the use of lower or higher concentrations of magnesium reduced the activity. Calf thymus and monkey kidney DNAs were less effective as primers than salmon sperm DNA and less than 10 ~ of the normal [3H]thymidine 5'-triphosphate incorporation into DNA was observed when native DNA replaced heat-denatured DNA as primer.
Orr, Herriott & Bessman (1965) have observed that the activity of the DNA polymerase induced by phage T 5 was markedly stimulated by Na +, K +, and other univalent cations. They also found that heating DNA preparations at 100 ° for more than 2½ rain. markedly reduced the primer activity of the heated DNA for bacteriophage T 5 DNA polymerase. In contrast, DNA polymerase extracts from uninfected and SV 40-infected CV-1 cells were inhibited 20 to 50 ~ by 0-05 M-NaC1 or KCI; this inhibition increased with higher salt concentrations and at 0.25 M-NaC1 or KCI, the inhibition was about 98 ~. Dialysis of DNA polymerase preparations containing 0.15 M-KC1 and 0.05 M-tris + HCI (pH 7.8) buffer against a solution consisting of 0.01 Mtris+HCl (pH 7.8), 0.003 M-2-mercaptoethanol, and 0.001 M-ethylenediaminetetraacetate (EDTA) resulted in the complete reversal of the inhibitions produced by the salts. Moreover, the activities of the DNA polymerases from uninfected and SV 40-infected cells were unchanged when DNA primers were used which had been heated at 100 ° for 2½, 7½ or 10 min. instead of the standard time of 5 min.
Partial purification of DNA polymerase. Approximately 108 to 109 cells (confluent monolayer cultures of uninfected CV-1 cells or cultures infected with SV 40 for 40 to 44 hr) were used for each single enzyme purification. Sonic-treated extracts were centrifuged at about 100,000g for 1 hr (model L Spinco centrifuge, size 40 rotor). The supernatant solution contained 4.3 to 6-0 rag. protein per ml. (Fraction S 3). Bovine pancreatic ribonuclease (5 x crystallized, Sigma Chemical Company, St Louis, Mo.) was added to the S 3 fraction to give a final concentration of 20 #g./ml. and the solution was stirred for 1 hr at 4 °. Then 0.142 g. of solid ammonium sulphate per ml. enzyme solution was slowly added. After 15 min. stirring at 4 °, the suspension was centrifuged for 10 rain. at 34,000g (Servall RC-2 refrigerated centrifuge, SS-34 rotor) and the precipitate discarded. More ammonium sulphate (0.142 g./ml.) was added and the stirring was continued. After 30 min., the precipitate containing DNA polymerase activity was collected by centrifugation. The enzyme was dissolved in ~ of the original S 3 volume and dialysed for 3 hr at 4 ° against a solution (500 ml., changed 3 times) containing 0.01 M-tris + HC1 buffer (pH 7.8), 0.003 M-2-mercaptoethanol, and 0.001 M-EDTA. The dialysed enzyme was centrifuged at 34,000g for 10 min. to remove any precipitated protein and the supernatant saved for further study. The final enzyme solution contained 6.8 to 9.6 mg. protein per ml. (Fraction As 20 to 40). With uninfected CV-1 cells, 50 to 77 ~ of the initial activity was recovered in Fraction As 20 to 40), and this fraction had 2.7 to 3.5 times the specific activity of Fraction S 3. However, Fraction As 20 to 40 from SV 40-infected cells exhibited 5 to 6 times the specific activity of Fraction S 3 and, contained 130 ~ of the total activity of Fraction S 3, suggesting that an inhibitor of DNA polymerase was removed during purification of the enzyme from infected cells. Although the As 20 to 40 fractions contained 6.8 to 9.6 mg. protein per ml., there was less than 4 #g. RNA/ml. and no detectable DNA. The purified enzyme could be stored at -20 ° for several days with little loss of activity.
Attempts at further purification were not successful. The enzyme was tightly adsorbed by calcium phosphate gels under conditions where thymidine kinase activity was not retained and the DNA polymerase was not eluted from the calcium phosphate in satisfactory yield. Chromatography on DEAE-cellulose columns resulted in loss of most of the DNA polymerase activity with no increase in specific activity.
The Km values and the kinetics of thermal inactivation of the partially purified DNA polymerase enzymes were determined by procedures similar to those previously used for thymidine kinase (Kit & Dubbs, 1965) .
Sephadex G 150 gel filtration of DNA polymerase. The Sephadex gel filtration method of Andrews (1965) was used to estimate the molecular size of the partially purified DNA polymerase preparations. The enzymes from either uninfected or SV40-infected cells were eluted from the Sephadex columns in fractions after the void volume and preceding the fractions containing thymidine kinase activity. Only about 30 ~o of the DNA polymerase activity was recovered from the columns. The estimated molecular weights of the DNA polymerase preparations were about 180,000.
Materials. Salmon sperm DNA (Grade A) and deoxyribonucleoside triphosphates were purchased from Calbiochem Corporation, Los Angeles, California; [aH]thymidine 5'-triphosphate (4.8 curies/m-mole) from Schwarz BioResearch Company, Orangeburg, New York; and cycloheximide and 1-/?-o-arabinofuranosylcytosine (ara-C) were obtained from Nutritional Biochemicals Corporation, Cleveland, Ohio. 
RESULTS

Effect of ara-C induction of DNA polymerase
Ara-C inhibited growth and DNA synthesis of CV-1 ceils. The inhibitor also prevented replication of SV 40 but did not block the induction of thymidine kinase, dihydrofolate reductase, thymidylate kinase, or tumour antigen (Frearson, Kit & Dubbs, 1966; Kit et aL 1966c Kit et aL , 1966d Rapp et ak 1965) .
Ara-C added to uninfected CV-1 cell cultures markedly stimulated thymidine (Kit, de Tortes & Dubbs, 1966a,; Kit et al. 1966c; Frearson, Kit & Dubbs, 1966) . To learn whether inhibition of DNA synthesis prevented the induction of DNA polymerase, ara-C (4.1 × 10 -5 ~) was added to cell cultures 2 hr after infection by SV 40. DNA polymerase activity was assayed at various times thereafter. Ara-C treatment increased the DNA polymerase activity of uninfected CV-1 cell cultures, but did not inhibit the induction of DNA polymerase by SV 40 (Fig. 1) . Indeed, DNA polymerase activity of SV 40-infected cultures treated with ara-C was higher than that of infected cultures not treated with ara-C. 
Effect of cycloheximide on enzyme induction
Cycloheximide, an inhibitor of protein synthesis, blocked the formation of DNA polymerase by SV 40-infected cultures. If the drug was added 18 hr after infection, the DNA polymerase activity declined considerably during the next 13 hr. Removal of cycloheximide at 31 hr permitted a partial increase in enzyme activity by 45 hr after infection (Table 1) .
Activity of enzyme mixtures from uninfected and infected cultures
Enzyme extracts from uninfected and SV 40-infected cells were mixed in the ratios of 1:1, 1.5:1 and 2:1. The activities of the enzyme mixtures were then compared with the activities of the individual enzymes. The total amount of protein used per assay tube was in the range where enzyme activity was proportional to enzyme content. The DNA polymerase activities were all approximately equal to the sums of the activities of the unmixed extracts. The extracts from uninfected cells did not, therefore, contain free inhibitors of the DNA polymerase activity from infected cells and the latter extracts did not have excess activators of the uninfected cell enzyme.
DNA polymerase activity of SV 40-transformed mouse kidney cells
DNA polymerase activity in extracts from mouse kidney cultures after abortive infection with SV 40 was about 8 times greater than that from uninfected cultures at 48 hr and remained elevated at 72 hr (Kit et aL 1966d) . After 7 to 12 passages in tissue culture the DNA polymerase activity of mKS cells derived from SV 40-infected mouse kidney cultures was 5 to 10 times greater than that of primary mouse kidney cells (Table 2) . A study of one line (mKS-B) showed that the DNA polymerase activity of that line at the 34th passage was as high as or higher than at the earlier passages. A comparison of the data of Table 2 with that of Table 1 and Fig. 1 revealed that the DNA polymerase activities of transformed mKS lines were about half as great as the activities of CV-1 green monkey kidney cells. * mKSoB cells adapted to grow in medium containing 25 #g./ml. 5-bromodeoxyuridine. At the 34th passage, the mKS-B cells contained 6.5 complement fixation units of SV40 tumour antigen per l& cells and moderate levels of thymidine kinase activity.
Properties of partially purified DNA polymerase preparations
Partially purified DNA polymerase preparations from uninfected and from SV 40-infected CV-1 cells had pH optima about pH 7.8 and maximal activities were obtained with 50 #g. DNA primer per tube (Figs 2, 3) . Both purified enzymes required denatured DNA as primer. With native DNA, the [3H]thymidine 5'-triphosphate incorporation into DNA was only 3 ~ of the incorporation obtained with heat-denatured DNA.
Keir et al. (1966) reported that the activities of crude DNA polymerase preparations from BHK 21 cells infected with herpes simplex virus, but not from uninfected cells, were stimulated by 0. i M-ammonium sulphate. To learn whether partially purified DNA polymerase preparations from either uninfected or SV 40-infected cultures were also stimulated by ammonium sulphate, these enzymes were assayed in the presence of various concentrations of salt. Concentrations of ammonium sulphate greater than 0.02 M markedly inhibited both enzymes (Fig. 4) .
Sixty to 70 ~o of the DNA polymerase activities were inactivated by heating for 10 min. at 50 °. The kinetics of thermal inactivation at 45 ° were very similar for the enzymes from uninfected and SV 40-infected cells. For example, when enzyme extracts from either uninfected or SV 40-infected cultures were heated at 45 ° for 10, 20, and 30 min, 58 ~o, 80 ~o and 89 ~, respectively, of the DNA polymerase activities were destroyed.
Sodium dodecyl sulphate inhibited the DNA polymerase activities of both uninfected and SV 40-infected cell cultures (Table 3) . DNA polymerase activity showed about the same sensitivity to sodium dodecyl sulphate inhibition as was previously found for thymidine kinase activity (Kit et al. 1967b ). 
K,~ value for tritiated thymidine 5'-triphosphate of partially purified DNA polymerase preparations
Although partially purified DNA polymerase preparations from uninfected and SV 40-infected CV-1 cells did not differ appreciably with respect to pH, DNA primer requirement, inhibitory concentrations of ammonium sulphate or sodium dodecyl (Table 4) .
DISCUSSION
The induction of DNA polymerase activity has previously been demonstrated in bacteria infected with T-even and T 5 bacteriophages (Aposhian & Kornberg, 1962; de Waard, Paul & Lehman, 1965; Orr et al. 1966) and in animal cells infected with pox viruses, herpes viruses, simian adenovirus SV 15, and polyoma virus (Dulbecco et aL 1965; Green, Pifia & Chagoya, 1964; Hamada, Kamiya & Kaplan, 1966; Keir et aL 1966; Kit et al. 1967c; Magee, 1962) . The enzyme induced by SV 40 was similar to the other virus-induced DNA polymerases in needing denatured DNA as primer. The SV 40-induced DNA polymerase differed from the enzymes induced by bacterio-phage T 5 and by herpes simplex virus; the SV 40-induced enzyme was inhibited by univalent cations while the enzymes induced by bacteriophage T 5 and herpes simplex virus were stimulated, respectively, by 0-2 M-and 0-1 M-ammonium sulphate (Orr et al. 1965; Keir et al. 1966) . The enzymes described in the present study were inactivated by sodium dodecyl sulphate and by heating at 45 °. The molecular weights of the enzymes were about 3 times that of the enzyme induced by bacteriophage T 2. It seems probable that the CV-I and SV 40-induced enzymes were complexes of smaller units held together by hydrophobic and hydrogen bonds and that the disruption of these bonds resulted in inactivation of the enzyme activity. However, definitive evidence for this is lacking at present.
The highly purified polymerases induced by T-even and T 5 bacteriophages differed in several important properties from the Eseherichia eoli polymerase (Aposhian & Kornberg, 1962; Orr et aL 1965) . Both biochemical and genetic studies indicated that the bacteriophage-induced enzymes are new virus-specific proteins (de Waard et al. 1965) . Evidence has also been obtained indicating that polymerases induced by vaccinia and herpes simplex viruses differ immunologically from the host-cell enzymes (Keir et aL 1966; Magee & Miller, !966) . The partially purified enzymes from uninfected and from SV 40-infected CV-1 cells were similar in all properties tested except for their Km values for [3H]thymidine 5'-triphosphate. The K~, value of the CV-1 cell enzyme was twice that of the SV 40-induced DNA polymerase. As with other enzymes which increased after SV 40 infection, the induction of DNA polymerase activity required protein synthesis but did not require DNA synthesis. These observations could signify that SV 40 directs the formation in CV-1 cells of a new DNA polymerase although other interpretations are not excluded. In contrast, the K,~ value of the DNA polymerase from SV 40-transformed mouse kidney cells resembled that of the enzyme from CV-1 cells rather than the Km of the enzyme from SV 40-infected CV-1 cells. By the same argument, this would imply that the polymerase present in transformed cells was not specified by SV 40.
In addition to DNA polymerase, deoxycytidine 5'-monophosphate deaminase, thymidylate kinase, thymidine kinase, dihydrofolate reductase and thymidylate synthetase increased in cultures infected with SV 40 or polyoma virus (Frearson et al. 1966; Hartwell et al. 1965; Kit et al. 1966b Kit et al. , e, d, 1967b Kit, 1967; Sheinin, 1966) . The activities of deoxycytidine 5'-monophosphate deaminase, thymidylate kinase, thymidine kinase and DNA polymerase were also increased in SV 40-transformed mouse kidney cells. At least two other classes of proteins are produced in ceils infected by virus of the papova group---the viral capsid proteins and the virus-specific tumour antigens. It seems unlikely that all of these proteins are direct products of polyoma virus and SV 40 gene actions since these viruses contain enough genetic information to specify only about 9 proteins each of 200 amino acids.
A tentative hypothesis consistent with the present findings is that SV 40 and probably polyoma virus affect DNA metabolism in two distinct ways: (i) by depressing host enzymes functioning in the terminal pathway of DNA biosynthesis; and (ii) by specifying certain virus-specific enzymes. DNA polymerase and thymidine kinase are candidates for the new virus-specific enzymes. The available evidence with respect to DNA polymerase has been discussed. In the case of thymidine kinase, Kit et aL (1966c) and Sheinin (1966) showed that the thymidine kinase induced during productive infection of monkey kidney ceils by SV 40 and of mouse embryo cells by polyoma virus had (1966) , Kit & Dubbs (1965) and Kit et al. (1967a, c) have presented evidence that the thymidine kinases induced by adenovirus SV 15, herpes simplex, pseudorabies, and vaccinia viruses have distinctive properties. In contrast, the thymidine kinase produced during abortive infection of mouse kidney cells by SV 40 and the enzyme present in SV 40-transformed mouse kidney cells or SV 40-transformed hamster cells resembled the enzyme from uninfected cells (Kit, 1967) . It appears that during abortive infection of murine cells by SV 40 and in cells transformed by SV 40, the genes controlling tumour antigen formation and perhaps the derepression of host cell enzymes are expressed while the genes controlling capsid protein formation and the postulated genes for a new thymidine kinase and a new DNA polymerase are not. This hypothesis predicts that the remaining four enzymes increased in SV 40-infected cells are derepressed host cell enzymes. This could be tested by a study of highly purified enzyme preparations from infected and transformed cells.
